cally significant, we pooled samples of different strains with age that are independent of background. The expression ratio and experimental variability for these and isolated a total of 3-6 samples for each time point (Table 1) .
genes would be the same across different strains, and they would be identified in our experiment because mixPolyA ϩ RNA isolated from the staged samples was used to synthesize Cy3-labeled cDNA from the experiing strains should not diminish the statistical power of the analysis. For genes that are age-regulated differently mental samples, and a single preparation of mixedstage hermaphrodite polyA ϩ RNA was used to synthein different strains, our experimental design would have less statistical power than a design using a single strain, size a Cy5-labeled cDNA reference probe that was used for all experiments (see the Experimental Procedures). and these genes may not be identified by the ANOVA analysis used here. Each of the staged samples was hybridized along with the same reference probe to C. elegans DNA microarWe also considered whether our experimental design might result in selecting genes whose expression rays; this method allows the comparison of relative levels of gene expression among worm populations of changes were due to differences in strain rather than age. First, we used two-way ANOVA to individually anadifferent ages. The DNA microarrays contain PCR fragments of genomic DNA corresponding to 17,871 of the lyze each of the 167 genes showing significant changes in the time course, and we found that the variance in 19,626 currently predicted genes in C. elegans (91% of open reading frames) arrayed on a glass slide [18] . The gene expression due to age was greater than that due to strain in all but three cases (Table S1 ); these three DNA microarrays were scanned, and the ratio of the RNA levels for the experimental to reference signal intensities genes were not analyzed further. Second, we plotted the data points used to generate the averages for each were determined. The log 2 (expression ratio) was calculated for every gene, and then the average of the log 2 (exage in the time course for the remaining 164 genes and found no genes in which the change in the time course pression ratio) from all of the repeats at each time point was determined. These calculations resulted in a gene was clearly due to strain rather than age differences (see Figure S2 at http://cmgm.stanford.edu/‫ف‬kimlab/ expression time course for nearly every gene over the life span. The expression profiles reflect changes in exaging/). Third, for each of the microarray hybridizations, we calculated which other hybridization correlated with pression as a function of chronological age over several strains (see the Experimental Procedures). The entire it the most and found that a microarray hybridization from the same age range had the highest correlation in data set is available at http://cmgm.stanford.edu/‫ف‬ kimlab/aging/, which provides copies of the Supplemen-21 out of 26 cases (see the Experimental Procedures). In summary, chronological age plays a stronger role tary Figures and Tables and programs that can be used to view the individual genes that are shown in the figures than strain differences for a set of 164 genes that exhibit changes in expression as worms age (after day 4). Figure (see Table S1 at http://cmgm.stanford.edu/‫ف‬kimlab/ aging/). 1 shows this set of genes clustered hierarchically based on similarities in gene expression along the aging time course. Of the 164 aging-regulated genes, 72 encode Identification of Aging-Regulated Genes We used one-way analysis of variance (ANOVA) to idenproteins similar to proteins from other organisms (Table S2) . tify 201 genes that show expression changes over the aging time course (p Ͻ 0.001; see Table S1 at http:// cmgm.stanford.edu/‫ف‬kimlab/aging/); this number is Changes in Expression of Regulatory Genes Specifying Longevity much greater than the 18 genes that are expected to occur due to random chance alone. We further divided
The age-dependent genes include a C. elegans insulin homolog, ins-2. ins-2 expression is highest in young the set of 201 genes into two groups: maturity genes that change between day 3 and day 4 but that remain adults at day 4 and then decreases starting at day 7 until the end of life ( below the stringent threshold used in our microarray analysis. We analyzed the expression of all 12 insulinrelated genes present on the DNA microarrays and found 3 other insulin-related genes that changed expression during aging (p Ͻ 0.05). ins-17 and ins-18 expression levels are 3-fold higher at day 16-19 relative to day 3, and this is similar to the expression level of ins-2. In contrast, ins-7 expression decreases 3.3-fold . We used the mithat there are 27 heat shock genes present on the DNA croarray expression data to assess changes in tissuemicroarrays (p Ͻ 0.006). To evaluate expression of heat specific aging at the molecular level; we selected genes shock genes during aging more fully, we examined the known to be expressed in specific tissues and then entire set of 26 heat shock genes. We found that many determined whether they showed coordinate ageshowed a common expression profile; most genes rise related changes. First, we looked at the expression of in expression between day 3 and days 4-11 and then 44 known muscle and 112 known neuronal genes. Musdecrease in expression at one or two of the last time cle and neuronal transcripts showed an apparent inpoints ( Figure 2C ). Previous experiments using only two crease in expression during aging (p Ͻ 0.002 and p Ͻ time points (young and old adults) would have missed 0.001, respectively; Figures 3A and 3B ). Since the exmany of the dynamic changes in expression with age. pression levels from each age are normalized as part of Moreover, the oldest worm populations in our studies the data analysis, it could be that muscle and neuronal were harvested at ages well past the mean life span of gene expression do not change during aging, but that the population, while previous aging studies have used expression of other gene groups decreases, yielding an younger animals and thus would miss the changes seen apparent increase in muscle and neuronal RNAs relative at the latest age point [12-17, 19]. Heat shock proteins to the rest of the genome. serve as chaperones to help fold proteins and prevent Previous work has shown that the germline plays a protein denaturation. Decreased basal expression of role in determining longevity, as ablation of the germline these heat shock proteins in old worms may increase lengthens life span [34, 35] . In order to investigate how levels of unfolded protein, possibly leading to increased the germline changes during aging at the molecular toxicity and stress, impaired cell function, and organislevel, we analyzed changes in germline genes during mic senescence; this is consistent with the high mortalaging. Previous microarray experiments had identified ity rate seen at these ages [20] . 508 germline intrinsic genes (enriched in both spermOne model for aging postulates that oxidative damage producing and oocyte-producing gonads) and 258 ooproduced by mitochondria could contribute to cellular cyte-enriched genes [36] . Figures 3C and 3D show that senescence [33] . We examined genes that encode mitogermline gene expression increases during days 4-16 chondrial proteins and genes involved in resistance to and then decreases at the oldest age. The age when oxidative stress. We did not observe a consistent altergermline gene expression decreases (late in life) does ation in expression of either of these gene classes. Previnot correlate with the time when oocyte production ous studies identified five genes that seemed to change ceases (at about day 7 in hermaphrodites at 25ЊC [37, expression during aging (mup-2, act-4, unc-15, and 38]), indicating that these are separate events. That is, Y57G11C.12, ost-1) [19] , and none of these showed decreased germline gene expression is not directly strong expression changes in our experiments. This discaused by a lack of oocytes, and decreased oocyte crepancy could be due to the small sample size used production is not directly caused by decreased gene in the previous experiment.
expression. The observation that germline gene expression continues past the end of the reproductive period Other Gene Classes that Change during Aging is consistent with a lack of selective advantage for turnThe set of aging-regulated genes includes three Tc3 transposons (T02G5.5, F11D11.2, and F56A6.3) In addition, the aging-regulated genes were significantly enriched in mount 15. There are 13 genes in common between mount 15 genes and aging-regulated genes, which is 5.6-fold higher than would be expected by chance (p Ͻ 0.001) (see the Experimental Procedures). Mount 15 contains 247 genes that have no obvious biological function in common. As a group, the expression level of genes in mount 15 increases during aging (Figure 4) . We investigated the gene expression database to find out why these genes might cluster into a single gene expression mountain by determining which of the 553 DNA microarray experiments showed the strongest and most reproducible expression differences of the mount 15 genes. There were 14 experiments in which genes in mount 15 increased an average of more than 4-fold, and each of these DNA microarray hybridizations involved samples that likely contained dauer animals (data not shown).
To determine whether the mount 15 genes show in- pared from polyA ϩ RNA from mixed-stage hermaphrodites. We calculated the average log 2 (sample/reference) ratio for the dauer and non-dauer microarray hybridizareproduction. This observation is also consistent with tions, and we then calculated the average log 2 (dauer/ the ability of hermaphrodites to continue to reproduce non-dauer) ratio. Figure 4 shows the average expression depending on sperm availability [39] . Decreased germdifferences of the genes in mount 15 in dauer versus line expression occurs at an age with high mortality non-dauer samples. These genes show an average inwhen many functions seem to be failing [20] . crease in expression of 3.6-fold in dauers. Of the 231 genes in mount 15 that were present on the DNA miOverlap between Aging-and croarrays, 215 showed higher expression in dauers than Dauer-Regulated Genes non-dauers (87% 46] . These results suggest that aging could affect gene expression to a larger extent in flies than in worms. Another possibility is that the C. elegans microarray experiments might have missed a large number of aging-regulated genes because their changes in gene expression were too small to detect in this experiment. Alternatively, many of the age-dependent gene expression changes in Drosophila might be specific to one strain, and these genes would be filtered out from the C. elegans experiments by using multiple strains.
Conclusions
The global molecular profile of aging from these microarray experiments helps refine models for aging. The small number of genes that change with age is consistent with models suggesting that the basis for organismic aging is damage at the cellular and molecular level that has accumulated over a lifetime [27, 29, 33] .
Our data also support the view that some changes in gene expression may play a role in specifying life span. The microarray data show coordinate expression changes in several functional gene groups during aging, including increased expression of dauer-regulated genes, decreased heat shock gene expression, and increased expression of insulin-like genes. ins-2 and ins-18 are thought to antagonize the daf-2/age-1 insulin-signaling It seems unlikely that decreased expression of the heat shock genes is merely a consequence of organismic changes associated with aging, since one might expression levels in the SAGE data, and found that 71% have increased expression in dauers. Dauer animals expect that aging would lead to an increased expression of heat shock genes (from increased levels of unfolded have extended life spans and live more than seven times longer than normal worms [42] . The genes in mount 15 proteins). Rather, it could be that decreased expression of heat shock genes could alter cell physiology and be may form the basis for a common adaptive mechanism(s) specifying increased survival in normal aging a cause of organismic senescence. Another observation relevant to the specification of and the dauer stage.
There are dramatic changes in behavior as worms life span is that the set of 164 aging-regulated genes contains several genes that encode regulatory proteins. age, including loss of movement, loss of egg-laying ability, and decreased rates of food ingestion [43] [44] [45] . At the These genes include 12 that are involved in signaling (including ins-2) as well as 7 that encode transcription morphological level, aging causes worms to accumulate lipofuscin, to stop producing eggs and oocytes, and factors (see Table S1 at http://cmgm.stanford.edu/ ‫ف‬kimlab/aging/). These regulatory genes could alter the results in a dramatic involution of the gonad. The data from the microarray experiments indicate that gene exexpression of genes that affect survival or aging. In addition to providing insight into the molecular pression patterns are relatively stable during aging. Given the severe changes in morphology and physiology mechanisms involved in aging, this work lays the foundation for the use of molecular probes to measure physiassociated with aging and senescence [33, 45] , it is remarkable to find only 164 genes with significant tranologic age. For example, aging-regulated genes could be used as molecular markers to track aspects of aging scriptional changes (less than 1% of the genome). These data suggest that a substantial portion of the morphoin individual worms. As aging is a complex process, it would be preferable to use a large set of molecular logical differences seen between young and old worms 
